whereas inhibiting RhoA activity. [5] [6] [7] [8] [9] Rasip1 and its binding partner, the GTPase-activating protein Arhgap29, inhibit RhoA, which in turn blocks Rho associated kinase (ROCK) signaling. 5, 9 RhoA and ROCK normally activate nonmuscle myosin II (NMII) via phosphorylation of its regulatory light chain (phospho myosin light chain [pMLC] ). NMII, in turn, controls filamentous actin (F-actin) crosslinking and contractility to regulate cell shape, adhesion, and migration. 10 Previously, Rasip1 was shown to control F-actin contractility, EC-ECM (extracellular matrix) adhesion maturation, and EC-EC adhesion polarity to mediate EC tubulogenesis through modulation of GTPase signaling. 5, 11, 12 However, how GTPase signaling is coordinated to influence these distinct cellular events remains unknown.
In this study, we uncover that blood vessel tubulogenesis requires 2 Rasip1-governed, spatiotemporally distinct GTPase signaling events that converge onto 1 molecular effector, NMIIA. We show that initial lumen formation depends on angioblast polarization and cell-cell adhesion remodeling. The clearance of cell-cell adhesions from EC preapical membranes requires NMII-dependent actomyosin activity. This activity, in turn, is controlled by Cdc42/Rac1 via regulation of Pak4 (serine/threonine-protein kinase 4), signaling proteins downstream of Rasip1. Inhibition of this pathway results in ectopic apical junctions and blocks tubulogenesis. Once lumens open and the heart starts to beat, nascent vessels experience hemodynamic pressure because of blood flow. We show that restraint of lumen expansion occurs through membrane tension provided by NMII-mediated contractility. This NMII activity is held in check through RhoA suppression by Rasip1-Arhgap29, allowing vessels to expand over developmental time. Inhibition of Rasip1 or Arhgap29 results in narrow lumens, whereas inhibition of RhoA, ROCK, or NMII leads to lumen dilation. We demonstrate that the balance and different timing of NMII activation through Cdc42/Pak versus RhoA/ ROCK is critical for blood vessel lumen opening and expansion. This study reveals a reiterative process where GTPases control lumen morphogenesis via differential regulation of NMII activation.
Methods

Mouse and Embryo Handling
All animal husbandry was performed in accordance with protocols approved by the UT Southwestern Medical Center Institutional Animal Care and Use Committee. Embryos were dissected and fixed in 4% paraformaldehyde/PBS for 40 minutes at 4°C and then dehydrated to 75% ethanol for storage at −20°C.
Inducible Deletion of Rho GTPases in Mice
To induce deletion of Cdc42, Rac1, or RhoA using CAG-CreERT2 (tamoxifen-inducible Cre-mediated recombination system driven by the chicken beta actin promoter/enhancer coupled with the cytomegalovirus [CMV] immediate-early enhancer), mothers were gavaged with tamoxifen (3-mg tamoxifen/40-g mouse) at noon during stages E6.5 and E7.5, 36 hours and 12 hours before dissection, respectively. Embryos were dissected at midnight at stage E8.0 (n≥3 for each line).
Whole-Mount Immunofluorescence in Embryos
Whole-mount staining was performed as previously described.
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Whole-Mount Immunocytochemistry
Platelet endothelial cell adhesion molecule 1 and platelet endothelial cell adhesion molecule 1/endomucin costain (PE) was performed as previously described.
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Immunofluorescence Staining of Embryonic Tissues
Whole-mount staining was performed as previously described. 23 Tyramide signal amplification immunofluorescent staining (PerkinElmer; individual fluorescein tyramide reagent pack, cat# SAT701) was used to stain pMLC.
Immunofluorescence Staining of Cultured ECs
Immunofluorescence staining of Mile Sven 1 endothelial line (MS1) cells was performed as previously described. 23 Staining of human umbilical vein endothelial cells (HUVEC) in 3-dimensional (3D) collagen matrices was performed as previously described.
34
Hematoxylin and Eosin Staining
Hematoxylin and eosin staining was performed as previously described.
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LacZ Staining
Embryos were fixed using glutaraldehyde for 15 minutes, rinsed in PBS, and stained for β-galactosidase overnight (overnight) as previously described. 35 Images were taken with a NeoLumar stereomicroscope (Zeiss) using a DP-70 camera (Olympus).
In Situ Hybridization
In situ hybridization staining on sections and whole mount were performed as previously described. 36 An Arhgap29 3′ coding region fragment (1.2 kb) and a Plexin D1 clone (MMM1013-66046 Open Biosystems) were used to generate Dig-labeled RNA probes.
Small Interfering RNA Transfection and Recombinant Protein Expression siGENOME small interfering RNAs obtained from GE Dharmacon were transfected into cultured MS1 or HUVEC using standard protocols for transfection and Western blot analysis, as previously described (antibodies used for Western blots are detailed in Online Table  S1 , and small interfering RNA sequences are detailed in Online Table  S2) . 37 Transfection of plasmids expressing Rasip1-GFP and GFP was performed 24 hours after small interfering RNA transfection. 
Nonstandard Abbreviations and Acronyms
Transmission Electron Microscopy
Transmission electron microscopy was performed by UTSW Electron Microscopy Core Facility as per their standard protocols.
In Vitro Lumen Formation Assay
HUVEC lumen and tube formation in 3D collagen matrices were performed as previously described.
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Whole Embryo Culture
Whole embryo culture protocol was adapted from Mary Dickinson and James Lauderdale. 38,39 Embryos expressing Flk1-enhanced green fluorescent protein (eGFP) were dissected with their yolk sac intact at E8.0 in DMEM containing 8% FBS and 1% antibiotic antimycotic with HEPES. The embryos were cultured for 3 hours in media containing 50% male rat serum and 50% DMEM with HEPES and antibiotics in a Precision Incubator Unit (B.T.C. Engineering Milton Cambridge England). ROCK inhibitor (Y-27632), Pak4 inhibitor (PF-03758309), Rac1-3 inhibitor (EHT), and the NMII inhibitor (blebbistatin) were all added before culture at 10 μmol/L. After culture, embryos were imaged using a Zeiss AxioObserver epifluorescence microscope then fixed at 4°C with 4% paraformaldehyde/PBS for 40 minutes.
Live Imaging
Embryos expressing Flk1-eGFP were dissected with their yolk sac intact at E8.25 in DMEM containing 8% FBS and 1% antibiotic antimycotic with HEPES. The embryos were plated on glass bottom dishes coated with matrigel in media containing 50% male rat serum and 50% DMEM with HEPES. The embryos were then imaged for 4 hours using a spinning disk confocal.
Cell Spreading Assay
A total of 10 000 MS1 cells were seeded into a 96-well plate coated with 50 μL of matrigel per well. After 24 hours of culture, the cells were imaged in bright field. The area that the cells cover was quantified using ImageJ software.
Statistics
All data sets were taken from n≥3 biological replicates, with n≥5 to 10 fields of view analyzed. Data are presented as mean±SEM. All statistical analysis was performed using 2-tailed, unpaired Student t test in Graphpad Prism software. P values <0.05 were considered statistically significant. See Experimental Methods in the Online Data Supplement for detailed statistical analysis using CellProfiler software.
Results
Blood Vessel Lumens Arise Between ECs After Clearance of Apical Adhesions
To assess morphogenesis of blood vessels, we examined vasculogenesis in Flk1-eGFP mouse embryos. Vasculogenesis first occurs in the aorta and the yolk sac at E8.0 (0-1 somite stage). As previously reported, angioblasts arise as scattered mesodermal progenitors that then assemble to form vascular cords ( Figure 1A and 1A′ and 1B and 1B′). 13 Angioblasts differentiate into ECs as they flatten and form a lumen at the cord center ( Figure 1A′ and 1A″ and 1B′ and 1B″). This process in the aortae occurs in a progressive, anterior-to-posterior manner along the embryonic axis (Online Figure IA) . By contrast, live imaging of yolk sac vessels reveals that tubulogenesis in this vascular bed occurs all at once, after the cord network has formed ( Figure 1C and 1C′ and Online Movie I).
To examine cellular events during lumen formation (or lumenogenesis), we analyzed EC junctions in E8.0 cords. Sections were stained for the tight junction adhesion molecule zona occludens 1 (ZO-1) and the apical membrane sialomucin podocalyxin. As angioblasts come into contact, they form adhesions between contacting membranes (Online Figure IB through ID) . At this preapical surface, podocalyxin becomes polarized and overlaps with adhesion complex foci marked by ZO-1 ( Figure 1D through 1D″) . Transmission electron microscopy reveals that adhesion complexes stitch ECs together at loci scattered along the preapical membrane, flanking slit-like small luminal spaces ( Figure 1G and 1G′). EC membrane at slits take on a concave appearance ( Figure 1G′ ), consistent with podocalyxin separating opposing membranes via electrostatic repulsion.
14 Soon after initial angioblast adhesion, junctions remodel, disappearing from the cord center while enriching peripherally ( Figure 
Failed Lumens in Rasip1 Nulls Exhibit Ectopic Apical Junctions
We previously showed that Rasip1 is essential for vascular tubulogenesis and that vascular endothelial cadherin (VEcad) and ZO-1-rich adhesions are observed at the apical membrane of Rasip1 −/− cord ECs. 5, 15 In the absence of Rasip1, blood vessels fail to open continuous lumens ( To further elucidate mechanisms by which Rasip1 regulates EC lumen formation, we assessed its localization in vivo and in vitro. In aortic ECs, Rasip1 was enriched at cell-cell adhesions, as well as transiently along the apical membrane during initial lumen opening ( Figure 2E through 2F″). Similarly, HUVEC transfected with Rasip1-GFP and plated either in monolayer cultures or in 3D collagen matrices show strong transient localization to cell-cell adhesions and to the apical membrane during lumen opening, respectively (Online Figure IF and IH through II″). Both in vivo and in vitro Rasip1 was also found to localize to small round cytoplasmic structures near the apical membrane ( Previous work suggested that Rasip1 localizes to endomembranes. 7 Therefore, we assessed whether Rasip1 was found on cytoplasmic components such as endosomes. Rasip1 immunostaining was observed to overlap with Rab5 (Rasrelated protein) and Rab8, but not with Rab7, suggesting it may be recruited to recycling endosomes (Online Figure IJ through IL). To confirm this, we expressed a constitutively active form of Rab5 (Q79L) that causes early endosomes to fuse and enlarge, and assessed Rasip1 localization. Rasip1 protein was strongly enriched in these structures (Online Figure IM through IM″) . Together, these results suggest that Rasip1 is recruited to endosomes and EC adhesions and is later recruited to apical membrane.
Clearance of Apical Junctions Requires Actomyosin Contractility
To mechanistically address how Rasip1 might remodel cord EC adhesions away from the apical membrane and restrict them to lateral boundaries, we investigated whether adhesions are normally dismantled and endocytosed, or relocalized. First, whole E8.0 cord stage embryos were cultured (WEC) for 3 hours and treated with Pitstop 2, a drug that inhibits both clathrin-mediated and clathrin-independent endocytosis. 16, 17 We found that adhesions were cleared from the apical membrane in both control and Pitstop 2-treated embryos (Online Figure IIA through IIE) . Because blocking endocytosis did not perturb adhesion removal from the apical membrane, we hypothesized that adhesions may instead move away from the apical membrane using an actomyosin-dependent force. Consistent with this idea, F-actin and active, serine pMLC were enriched in adhesion complexes, as the adhesions progressively cleared from cord centers (Online Figure IIF through III′).
To determine whether F-actin and myosin are necessary to clear apical adhesions, cord-stage embryos were treated with pharmacological inhibitors. E8.0 Flk1-eGFP WEC was performed for 3 hours in the presence of either cytochalasin 
Cdc42, But Not RhoA, Signaling Downstream of Rasip1 Is Required for Lumen Formation
We previously showed that Rasip1 regulates the activity of downstream GTPases, Cdc42, Rac1, and RhoA. 5 Indeed, Rasip1 significantly promoted activity of Cdc42 and Rac1 and the downstream kinase Pak4, whereas it suppressed activity of RhoA and its downstream kinase ROCK.
5 Both Cdc42-Pak and RhoA-ROCK signaling are known to play critical roles in organization of the cytoskeleton. 18 Therefore, we asked whether EC lumen formation required either of these 2 signaling cascades, by genetically ablating Cdc42, Rac1, or RhoA in mice, in endothelium before lumen formation. Floxed RhoA, Rac1, or Cdc42 mice (genes flanked by LoxP sequences) [19] [20] [21] [22] were crossed to angiopoietin receptor 2 (Tie2)-Cre, which expresses Cre in ECs. In these embryos, although Cre is expressed in angioblasts (Online Figure Deletion of Cdc42 in yolk sac vessels using Tie2-Cre, or in aortae using CAG-CreERT2 (Cdc42 Live imaging of yolk sac vessels showed that Cdc42-deleted ECs largely fail to form vascular cords, and ECs that do form cords fail to develop lumens (Figure 3D and 3D′; Online Movie V). Cdc42-depleted yolk sac ECs displayed a slight decrease in proliferation (7.2% less) and no change in apoptosis (Online Figure IVI through IVT) .
To assess whether the Cdc42-activated kinase Pak4 is necessary for lumen formation downstream of Rasip1 and Cdc42, WEC was performed in the presence of an inhibitor that preferentially blocks Pak4 activity (PF-03758309) for 3 hours. Treatment with the inhibitor blocked lumen formation and apical adhesion remodeling, phenocopying Rasip1 null dorsal aortae ( Figure 3E through 3G′) . Live imaging of embryos treated with the Pak4 inhibitor showed that vascular cords failed to open any lumens (Figure 3H through 3H′; Online Movie VI). These results suggest that the loss of the Cdc42-Pak4 signaling pathway activity contributes to the failed lumen formation phenotype observed in Rasip1 −/− embryos. In striking contrast, deletion of RhoA or Rac1 using Tie2-Cre or CAG-CreERT2 had no effect on vessel lumen formation ( 
RhoA-ROCK-NMII Signaling Suppresses Vessel Expansion
Although RhoA was not necessary for lumenogenesis and apical junction clearance, there was a notable difference in vessel diameter of embryos lacking RhoA. RhoA-depleted aortae were on average 8.6× larger, whereas RhoA-depleted yolk sac vessels were 7.2× larger than controls ( . At the onset of lumen formation, ECs were markedly more flattened and spread out. The average distance between EC nuclei was increased by 56%, revealing that ECs occupied a larger circumferential area (Online Figure VIE) . We note that RhoA-deleted vessels also exhibited a 20% increase in pHH3-positive cells with only a slight increase in apoptosis (Online Figure VIG through VIN) . This suggests that RhoA normally restricts lumen diameter through cell shape regulation.
Similarly, we assessed whether the RhoA effector ROCK was necessary for lumen formation. WEC was performed in the presence of the ROCK inhibitor Y-27632 for 3 hours. Inhibition of ROCK dramatically enhanced lumen formation and increased the average distance between aorta nuclei by 23%, phenocopying RhoA-deleted aortae (Figure 3M Given that an important role ascribed to Rasip1 is suppression of RhoA via Arhgap29, we investigated the role of Arhgap29 during lumenogenesis. Rasip1 and Arhgap29 have both been shown to inhibit RhoA activity in vitro, as knockdown of either protein in cultured ECs causes elevated RhoA activity and failed lumen formation. 5, 9, 12 To determine whether Arhgap29, or inhibition of RhoA activity, is necessary for blood vessel tubulogenesis, we generated mice with the fourth and fifth exons of Arhgap29 floxed (knockout mouse project repository). Arhgap29 floxed mice were crossed to Sox2-Cre, which expresses Cre in all epiblast cells (embryo proper; Arhgap29 Figure VIIG through VIIH‴) . In contrast to RhoA or ROCK depletion in ECs, which displayed increased cell spreading (nuclei farther apart), the average distance between Arhgap29 null EC nuclei was decreased by 47% relative to controls, suggesting increased internal contractility ( Figure 4B′ , 4C′, and 4E). To determine whether Rasip1 similarly regulated EC cell shape and contractility, Rasip1 f/f ;Tie2-Cre ECs were assessed. These mice delete Rasip1 several hours after lumen formation. 15 Similar to Arhgap29 mutant vessels, lumens at E8.75 were significantly narrower ( Figure 4F through 4I) . In cross sections, the average distance between nuclei was decreased by 30%, suggesting increased EC contractility ( Figure 4G through 4H′ and 4J). Thus, Arhgap29 likely acts as a Rasip1 effector to suppress RhoA-ROCK-NMII contractility, enabling controlled vessel expansion.
To assess whether Rasip1-Arhgap29 signaling primarily functions to suppress RhoA activity to decrease actomyosin contractility, Rasip1-RhoA double mutants were generated. Control (wild-type) and RhoA null embryos (∆RhoA) displayed open lumens, with RhoA-null lumens being slightly larger at these early stages ( Figure 4K through 4L′ ). Rasip1 null (∆Rasip1) vascular cords exhibited ectopic apical junctions and discontinuous, interrupted lumens ( Figure 4M through 4M′ and 4P). Interestingly, Rasip1-RhoA double mutant (∆Rasip1∆RhoA) embryos did not rescue adhesion remodeling within vascular cords ( Figure 4N through 4N′ and 4P), but did increase lumen area, therefore, partially rescuing lumen formation ( Figure 4O and 4O′ and 4Q ). This finding suggests that downstream of Rasip1, suppression of RhoA-ROCK activity by Arhgap29, is not necessary for lumenogenesis or apical adhesion remodeling. Instead, the RhoA signaling axis contributes to tension control and internal contractility in ECs, thereby regulating EC spreading and ultimate lumen size.
NMII Acts Downstream of Cdc42-Pak4 to Remodel Apical Adhesions, While Serving as a RhoA-ROCK Effector to Regulate Apical Membrane Tension
Both Cdc42 and RhoA signaling pathways promote NMII activity, yet seem to have opposing influences on lumen formation. We hypothesized that these 2 pathways are spatiotemporally distinct, governing different steps of lumen opening. Specifically, we speculated that Cdc42 activates NMII at cell-cell adhesion complexes to clear them from cord centers, whereas RhoA activates NMII at the apical membrane after lumen formation to provide membrane tension.
To parse out the roles of Cdc42, RhoA and NMII downstream of Rasip1, we examined NMII activity (pMLC Ser19) during adhesion remodeling and lumen expansion. We found that pMLC reduced at cell-cell adhesions in Rasip1 or Cdc42 mutant cords, as well as cords in Pak4-inhibited WECs ( Figure 5A through 5F′ ). In line with its later role, a transient pool of active NMII is observed at the apical membrane (Online Figure VIII through VIIK″) . Deletion of RhoA inhibited apical membrane pMLC, subsequent to lumen opening ( Figure 5G through 5H‴) . By contrast, deletion of Rasip1 or Arhgap29 led to increased activity of pMLC at the apical membrane ( Figure 5I through 5L″ ). This suggests that on Rasip1 loss, activated RhoA induces NMII and thus apical membrane contractility. Consistent with this idea, RhoA-deleted ECs displayed a decrease in cell circularity, indicating decreased EC contractility ( Figure 5M ), whereas Rasip1-and Arhgap29-deleted ECs had increased circularity ( Figure 5N through 5O) . These data provide evidence that Cdc42-Pak4-dependent NMII activity remodels EC adhesions during lumen opening, whereas RhoA-ROCK-dependent NMII activity promotes apical membrane tension to control lumen diameter.
Cdc42, Pak4, and NMII Pathway Downstream of Rasip1 Supports EC-EC Junctions
To perform spatiotemporal analysis of lumenogenesis, we utilized in vitro systems. To study clearance of adhesions during lumen opening, we modeled adhesion development in vitro. When forming adhesions in vitro, ECs must first find each other and then overlap actin-rich cell processes (also called junctional protrusions 23 ) before ultimately establishing mature adhesions. As EC adhesions mature, they become smooth and continuous, and actin filaments remodel from perpendicular to parallel relative to the cell-cell interface. We speculated that the remodeling that takes place in vitro is analogous to adhesion remodeling within vascular cords in vivo. Thus, we depleted with small interfering RNA or inhibited signaling proteins downstream of Rasip1, including Cdc42, Pak4, NMHCIIA, RhoA, or ROCK in MS1 cells, and assessed EC adhesion integrity. Depletion of RhoA or inhibition of ROCK did not affect the integrity of EC adhesions as assessed by VEcad and F-actin staining (Online Figure VIIIA Compared with control adhesions with smooth VEcad and F-actin distribution, depleted cells exhibited discontinuous adhesions. Furthermore, F-actin bundles did not align with the cell-cell interface. Thus, adhesion remodeling in vitro recapitulates the in vivo process, where Rasip1-Cdc42-Pak4-NMII signaling regulates vascular adhesion organization, whereas RhoA-ROCK signaling does not. In addition, these Sox2het and Arhgap29 Sox2KO embryos shows vessel constriction after Arhgap29 deletion with smaller vessel lumens and closer adjacent EC nuclei (zoomed-in in B′ and C′, n=3 control and mutant, 15 fields of view [FOV] , quantified in D and E). ****P<0.0001. Yellow dotted line, adjacent nuclei distance. F and F′, Whole mount images of Flk1-eGFP;Rasip1
Tie2Het and Flk1-eGFP;Rasip1 Tie2KO embryos show constricted aortae after Rasip1 deletion. White bracket, diameter of vessel.
G-H′, Cross sections of E8.75 Rasip1
Tie2Het and Rasip1 Tie2KO embryos shows vessel constriction after Rasip1 deletion with smaller vessel lumens and closer adjacent EC nuclei (zoomed-in in G′ and H′, n= 3 control and mutant, 15 FOV, quantified in I and J). ****P<0.0001. K-O′, Deletion of Rasip1 and RhoA partially rescues lumen expansion but does not rescue adhesion remodeling from the center of vascular cords (n=4 control and mutants, 20 FOV, quantified in P and Q). Arrowheads, adhesion complexes. L indicates lumen; and ns, not significant. *P<0.05, **P<0.01, ****P<0.0001. Scale bars, A and A′, 25 μm; B-C′, 10 μm; G-H′, 10 μm; K-O′, 7 μm. results suggest that this process is regulated by NMII control of F-actin at EC cell-cell adhesions.
To test whether disruption of adhesions by NMII depletion or inhibition correlates with failed lumen formation in vitro, 3D lumen formation assays were performed in the presence of blebbistatin, or siNMHCIIA, siNMHCIIB, or both. Treatment of HUVEC with 10 to 20 μmol/L blebbistatin or siNMHCIIA blocked lumen formation in 3D collagen matrices ( Figure 6I and 6J). Reduction of NMHCIIA and NMHCIIB together prevented lumen formation more efficiently than NMHCIIA or NMHCIIB reduction alone ( Figure 6K ). These results show that NMII is vital for EC tubulogenesis. NMII is regulated by several proteins that are directly controlled by Cdc42, Rac1, and RhoA, including Pak2, Pak4, MRCKβ (myotonic dystrophy kinase-related Cdc42-binding kinase β) and ROCK. 10, 23 To determine which proteins control NMII-dependent lumen formation, we depleted each protein in HUVEC and performed 3D lumen formation assays. Only reduction of the Cdc42 effectors Pak2, Pak4, or MRCKβ prevented lumen formation ( Figure 6L through 6Q). Thus, both our in vivo and in vitro data suggest that only the Cdc42-NMII pathway, and not the RhoA-ROCK-NMII pathway, regulates NMII-dependent lumen formation.
NMII Temporally Stimulates Lumen Formation and Then Suppresses Cell Spreading and Lumen Expansion via RhoA-ROCK Signaling
Because NMII activity was first identified within cord adhesion complexes in a Cdc42-Pak4-dependent manner and later at the apical membrane in a RhoA-ROCK-dependent manner, we hypothesized that Cdc42-Pak4-dependent NMII activity regulates adhesion remodeling before lumen opening, whereas RhoA-ROCK-dependent NMII activity regulates subsequent apical membrane constriction. To directly test this timing issue in vitro, we inhibited total NMII activity with blebbistatin or RhoA-dependent NMII activity using the ROCK inhibitor Y-27632, either before (0-72 hours) or after (48-72 hours) lumen formation in a 3D lumen formation assay. We reasoned that early blebbistatin-mediated NMII inhibition would block Cdc42-dependent NMII activity in cords, while later ROCK inhibition would block RhoAdependent NMII activity after lumen opening. We found that the treatment with blebbistatin prevented lumen formation, only when treated at the onset of the assay, but did not affect blood vessel lumen size when treated 48 hours after lumen opening ( Figure 7A ). By contrast, inhibition of ROCK had no influence on lumen formation, but instead led to larger vessel diameters when treated 48 hours after lumen opening ( Figure 7A ). These results suggest that NMII temporally and spatially controls different aspects of vasculogenesis, downstream of different GTPases. Activated by Cdc42 and Pak4, NMII controls adhesion organization and lumen formation, whereas downstream of RhoA, NMII controls EC contractility to prevent vessel overexpansion.
To further test whether RhoA, ROCK, or NMII regulate cell shape and spreading in vitro, MS1 cells on Matrigel were treated with siRhoA, siNMHCIIA, or with ROCK or NMII inhibitors. Control MS1 cells formed tight EC aggregates after 24 hours when plated at low confluency. RhoA depletion or ROCK inhibition significantly increased overall cell area (spreading), suggesting that these proteins regulate cell shape through the actomyosin machinery ( Figure 7B and 7C and 7E and 7F). By contrast, NMIIA-depleted or NMIIA-inhibited cells failed to aggregate (Figure 7D and 7G). Thus, total NMII (including Cdc42-dependent NMII) is necessary for cell-cell adhesion, whereas a specific NMII pool regulates cell contractility downstream of RhoA-ROCK signaling.
We next asked whether RhoA-ROCK-NMII signaling stimulates EC contractility after lumen formation. MS1 stress fiber development and cell spreading were measured after depletion of RhoA, ROCK, or NMII or constitutively active RhoA(V14) overexpression. Indeed, depletion of RhoA, ROCK, or NMII activity prevented stress fiber formation and caused ECs to dramatically increase in cell area ( Figure 7H  through 7K) . Conversely, overexpression of RhoA(V14) caused ECs to greatly contract and create excess stress fibers ( Figure 7L through 7M′) . These results suggest that RhoA-ROCK-NMII signaling stimulates EC contractility during blood vessel development.
Finally, to further test whether NMII controls actomyosin contractility and membrane tension after lumen formation, WEC of embryos with open lumens (2-3 somite stage) were treated with blebbistatin for 2 hours. Control embryos developed aortae with a normal diameter, whereas blebbistatin-treated embryos exhibited markedly dilated lumens, resembling ROCK-inhibited embryos ( Figure 7N through 7O′). To determine how NMII affects lumen area and EC contractility after lumen formation in real time, live imaging Flk1-eGFP yolk sacs was performed in the presence of Figure 5 Continued. cadherin (VEcad) and phosphorylated myosin light chain (pMLC) on Rasip1 +/− (Ras-interacting protein 1) and Rasip1 −/− embryos shows that Rasip1 is necessary for NMII activity during vascular cord adhesion remodeling (n= 3 control and mutants/ WECs, 15 fields of view [FOV] , quantified in graph). ****P<0.0001. Arrowheads, adhesion complex pMLC. C-D′, Staining of Flk1-eGFP and pMLC on Cdc42
CAGHet and Cdc42 CAGKO embryos shows that Cdc42 is necessary for NMII activity during cord adhesion remodeling (n=3 control and mutant, 15 FOV, quantified in graph). ****P<0.0001. E-F′, Staining of Flk1-eGFP and pMLC on DMSO and PF-03758309-treated WECs shows that Pak4 is necessary for pMLC activity during cord adhesion remodeling (n=3 control and treated, 15 FOV, quantified in graph). ****P<0.0001. G-H″′, Staining for NMHCIIA and pMLC on RhoA
CAGHet and RhoA CAGKO embryos shows that RhoA is necessary for NMII activity at the apical membrane during lumen formation (n=3 control and mutant, 15 FOV, quantified in graph). **P<0.01. I-J″, Staining of NMHCIIA and pMLC on Rasip1 +/− and Rasip1 −/− embryos shows that Rasip1 is necessary to suppress NMII activity at the apical membrane during lumen formation (n=3 control and mutant, 15 FOV, quantified in graph). *P<0.05. K-L″, Staining of NMHCIIA and pMLC on Arhgap29
Sox2Het and Arhgap29 Sox2KO embryos shows that Arhgap29 is necessary to suppress NMII activity at the apical membrane during lumen formation (n=3 control and mutant, 15 FOV, quantified in graph). *P<0.05. M-O, Quantification of EC circularity after deletion of RhoA, Rasip1, or Arhgap29, respectively (n= 3 control and mutants, 15 FOV). ***P<0.001. ****P<0.0001. Scale bars, A-F′, 5 μm; G-H″, 7 μm; I-L″, 10 μm. EC indicates endothelial cell; End, endoderm; L, lumen; and M, mesoderm. ). These results demonstrate that NMII possesses a RhoA-ROCK-dependent role, separable from its Cdc42-dependent role, whereby it stimulates EC contractility to suppress lumen dilation. Overall, our data suggest a novel mechanism whereby Rasip1 suppresses apical NMII activity to allow lumen expansion over the course of embryonic growth.
Discussion
In this study, we dissect how Rho GTPase signaling pathways coordinate to regulate distinct cellular events driving blood vessel lumen formation during vasculogenesis (Figure 8,  model) . Angioblasts first form cell-cell adhesions as they assemble into cords, and thereby establish apicobasal polarity. As EC tubulogenesis initiates, cell-cell adhesions anchored by actin are cleared from the preapical membrane and restricted laterally. The EC preapical membrane will remodel over time to become a mature apical surface during the tubulogenic process. Reorganization of adhesions in aortic ECs depends on Rasip1 and Cdc42-Pak4-NMII pathway regulation of actin organization. Shortly thereafter, the heart begins to pump plasma into early vessels, expanding nascent lumens. We show that this expansion is controlled by Rasip1 and by the RhoA-ROCK-NMII pathway. NMII and actin are recruited to the apical membrane, where they restrain membrane expansion and lumen size. However, as vessels must grow, Rasip1 balances membrane tension by inhibition of RhoA via Arhgap29. These mechanisms regulate specific cellular events that drive blood vessel formation and expansion in a tightly regulated manner.
Regulation of Adhesion Organization via Rasip1 and Cdc42-Pak4-NMII
We previously demonstrated that Rasip1 is an essential factor for vascular tubulogenesis. Specifically, we showed that Rasip1 is required for β1-integrin-and β3-integrin-dependent EC-ECM adhesion, as well as remodeling adhesions away from the EC apical membrane within vascular cords. Moreover, we showed that Rasip1 activates Cdc42 and Rac1, which in turn activate the kinase Pak4. Interestingly, Pak4, as well as MLC kinase, is known to control actin contractility by activating NMII, via phosphorylation of MLC. Previous studies identified roles for Cdc42 and NMII in the building of circumferential actin bundles that promote formation of linear and tight adherens junctions. 24 Rasip1 has also been shown to recruit NMIIB to promote EC-cell adhesion. 6 Reduction of Rasip1 caused EC-EC adhesions to become disrupted, nonlinear, and dissociated from actin. These studies suggest that Rasip1-Cdc42-Pak4-NMII signaling promotes adhesion reorganization.
Here, we show that inhibition of Rasip1, Cdc42, Pak4, or NMII suppresses proper adhesion development in vitro. We show that similar mechanisms are at play in vivo, where loss of activity of these components causes failed adhesion redistribution within vascular cords. Whether clearance of junctions in cords (shrinking of junction ribbons) occurs via mechanical sliding along actin tracks to the cord periphery or via actinbased vectorial apical transport of membrane remains unclear. The former is suggested by studies of actomyosin-dependent junction remodeling required in numerous morphogenetic processes, such as during Drosophila germband extension. 25, 26 Additional studies will be necessary to determine whether Rasip1 directly influences adhesions through scaffolding adhesion complexes or actin crosslinking molecules (such as NMII), or whether Rasip1 regulates adhesion integrity solely through signaling and nonscaffolding mechanisms, such as vesicular transport.
Rasip1 and Arhgap29 Inhibit RhoA-ROCK-NMII Signaling to Allow Lumen Expansion
EC contraction is regulated by actin-myosin contractility, and inhibition of EC contraction leads to cell spreading. The Rap1-Rasip1-Arhgap29 complex has been shown to induce cell spreading by inhibiting RhoA-ROCK-NMII signaling and actin contractility. 5, 9, 11, 12 By suppressing EC contractility, Rasip1 and Arhgap29 may promote cell spreading and allow controlled expansion of vessel lumens, as the embryo grows. Consistent with this idea, deletion of Rasip1 or Arhgap29 after lumen formation causes increased EC contractility and blocks lumen expansion. Conversely, RhoA-ROCK-NMII-dependent actin contractility may normally function to prevent dilation of the lumen by resisting cell spreading. Supporting this, perturbation of RhoA, ROCK, or NMII in vivo after lumen formation leads to dilated vessel lumens. A similar role for the actomyosin contractility machinery in restraint of lumen size has been reported in zebrafish intersomitic vessels, in Ciona intestinalis notochord development, and in the developing pancreas. [27] [28] [29] In zebrafish, ECs were found to resist plasma membrane deformation (blebbing) via rapid recruitment of myosin and induction of myosinmediated cortical actin constriction. 27 Thus, we propose that a balance is required, where RhoA-ROCK-NMII signaling stimulates vessel contraction to prevent it from dilating, and 
Spatiotemporally Distinct Roles of NMII Through Distinct GTPase Activities
Our data support the paradigm that Rasip1 controls different pools of GTPases. These, in turn, regulate different pools of NMII to coordinate actomyosin contractility in distinct cellular processes during vessel tubulogenesis. Because both Cdc42 and RhoA signaling pathways promote NMII activity, yet seem to have opposing influences on lumen formation, we sought to clarify the role of these pathways in forming blood vessels. We hypothesized that during EC lumen formation, RhoA controls the activity of an NMII pool at the apical membrane, whereas Cdc42 controls NMII at cell-cell adhesion complexes. In addition, we predicted that these different functions were likely temporally distinct, given the time course of events during vasculogenesis. This hypothesis finds support in studies that show that the RhoA-ROCK and Cdc42-Pak-MLC kinase pathways act on distinct pools of NMII. 30 In fibroblasts, MLC kinase inhibition blocks MLC phosphorylation at the cell periphery, but not at the cell center, whereas ROCK inhibition blocks MLC phosphorylation in the cell center, but not in the periphery. Similarly, different GTPases control different subcellular processes: RhoA primarily controls stress fiber development, whereas Cdc42 controls cell-cell adhesions, membrane ruffling, and filopodia. 31, 32 A recent study by Ando et al 24 showed that RhoA uses NMII to regulate radial stress fiber development into rigid permeable focal AJs, whereas Cdc42 uses NMII to regulate the development of linear stable adhesions with circumferential bundles of actin. Our findings similarly suggest that different NMII pools come into play at different steps of lumen formation. Temporal inhibition of NMII helped us distinguish its different roles at different time points during vascular lumenogenesis and growth. However, studies on in vivo subcellular distribution of these signaling pathways are still needed and will further our understanding of blood vessel development. In conclusion, we find that endothelial lumen formation occurs in a step-wise process that is regulated by Rasip1, Rho family GTPases, and NMII. We show here that an essential step in this process is clearance of adhesions from the apical membrane to allow the formation of a single, continuous lumen. We further demonstrate how blood vessel lumen diameter is tightly regulated, to maintain proper lumen size and integrity. Our study uncovers a coordinated action of Rho GTPases governed by Rasip1 to enable proper vasculogenic tubulogenesis. What Is Known?
• Murine RASIP1 is necessary in endothelial cells for cell adhesion and the formation of continuous vascular lumens.
• RASIP1 is required for the activity of several GTPase-dependent signaling pathways, including Cdc42, Rac1, RhoA, and Rap1.
What New Information Does This Article Contribute?
• Downstream of Rasip1, both Cdc42-Pak and RhoA-ROCK signaling pathways converge on different subcellular pools of NMII to drive lumen formation and regulate vessel diameter, respectively. • Cdc42-Pak4 signaling mediates actomyosin contractility to remodel endothelial cell adhesions at the preapical membrane between contacting endothelial cells. This allows the formation of a lumen in blood vessels during vasculogenesis.
• Rasip1 suppression of RhoA-ROCK signaling via Arhgap29 acts later to counter myosin-dependent apical membrane contractility/tension, to allow expansion of lumen diameters.
Understanding the mechanisms of blood vessel lumen formation may further anti-angiogenic approaches that aim to block deleterious vascular growth in diseases such as cancer and diabetic retinopathy. Here, we identify Rasip1 as a promising anti-angiogenesis candidate, which is required for the formation of continuous vascular lumens in growing vessels. Further, we elucidate molecular bottlenecks during vessel formation by dissecting the cellular events that require Rasip1. We show that Rasip1 controls different GTPase signaling pathways that converge on the actomyosin contractility machinery. We find that different pools of NMII, downstream of Rasip1, control 2 different processes in endothelial cells: (1) NMII mediates the removal of preapical membrane adhesions to form a lumen. (2) NMII then restrains apical membrane expansion, thereby limiting lumen diameter during vessel growth. In the first process, Rasip1 promotes actin contractility via Cdc42 and Pak4 along ribbons of adhesions at the center of EC cords, causing adhesions to clear from the preapical membrane. This allows opening of lumens. Subsequently, Rasip1 inhibits NMII and membrane contractility via RhoA suppression to allow regulated lumen expansion. These novel and spatiotemporally distinct molecular and cellular events define the step-wise process of blood vessel morphogenesis and differentiation.
